A multi-device network mainly consisting of two two-component nanosliders was formed by self-sorting of six components. Addition/ removal of zinc(II) ions reversibly reorganized the network by chemical signaling involving the translocation of copper(I) from a relay station followed by the selective disassembly/assembly of one of both multicomponent devices. The thus liberated machine parts served to erect a three-component nanoslider alongside the other unchanged twocomponent nanoslider.
Whereas life vitally depends on biocybernetic regulation, 1,2 the networking of artificial molecular devices is still in its infancy. [3] [4] [5] [6] [7] [8] [9] It is a great promise of interdependent multi-component ensembles to pave the way toward autonomous and self-regulating systems, i.e., for realizing properties that exceed by far what individual molecules can achieve.
In order to network stand-alone molecular [10] [11] [12] or supramolecular [13] [14] [15] [16] [17] [18] [19] [20] devices, the functional entities need to be linked by fast chemical communication without harmful interference. All receptors and emitters involved in communication thus need to be highly dynamic and selective with regard to signal uptake, information processing and signal release (= output).
The first examples of networked ensembles allowing ON/OFF switchable catalysis have surfaced recently. [21] [22] [23] [24] In their key step, a nanoswitch transmitted a defined chemical signal to a functional device (e.g., nanoswitch, nanorotor, or fluorescent receptor) in response to a trigger input. Herein, we demonstrate how a remote control commands the transformation of one nanodevice into another one using the sequential translocation of more than one chemical signal.
In detail, we describe six-and seven-component networks that allow the reversible parallel interconversion of nanosliders. Upon addition of three equiv. of Zn 2+ to 3 Â [Cu(S)] + ( Fig. 1a and b) the equivalent amount of Cu + , initially deeply buried in nanoswitch [Cu(S)] + , will be translocated from S to the free phenanthroline sites of deck D2. In essence, the trigger signal commands a remote control unit to emit a chemical signal as second messenger. The ensuing complex [Cu 3 (D2)] 3+ now instructs the nanoslider M1 = D1ÁA1 to disassemble and to transfer its biped A1 for enabling the assembly of the device M2 = [Cu 3 (D2)(A1)] 3+ . In other words, a single input (Zn 2+ ) is sufficient for the parallel dismantling and production of nanodevices through successive two-component translocation. To underline the potential of the concept, the network was furthermore extended to a sevencomponent system, in which the second translocation had to occur selectively with one out of two bipeds ( Fig. 1c ).
To probe the required self-sorting, a small set of model studies with various substituted pyridines was undertaken. It turned out that picoline 3 was the optimal terminus in the biped, as it cleanly formed complex 1Á3 at a 1 : 1 : 1 ratio of zinc porphyrin 1, phenanthroline 2 and picoline 3. In contrast, 3 did bind predominantly to 2 in the form of [Cu(2)(3)] + through HETPYP-I (HETeroleptic PYridine and Phenanthroline) 25, 26 complexation when one equiv. of Cu + was present ( Fig. S9 , ESI †). 27 The bulky aryl groups at the 2,9-position of phenanthroline 2 are needed to prevent homoleptic metal complexation. 28, 29 The methyl substitution in 2-picoline 3 caused weak binding at the zinc(II) porphyrin (log K = 2.72) 30 whereas the N pic -[Cu(2)] + complexation was strengthened (log K = 3.43). 27 Thus, the tris(zinc porphyrin) deck D1, tris-phenanthroline deck D2 and the picoline-terminated biped A1 were selected ( Fig. 1a ). Due to the anticipated stronger binding of biped A1 to the Cu + -loaded phenanthroline deck D2 than to porphyrin deck D1, it was expected that A1 would prefer binding to [Cu 3 (D2)] 3+ . D2 was synthesized by Sonogashira coupling of 2,9-diaryl-3-ethynyl-1,10phenanthroline and 1,3,5-tris(4-iodophenyl)benzene (ESI †).
The 1 : 1 mixture of D1 and A1 in CD 2 Cl 2 is known to quantitatively afford the two-component nanoslider M1 = D1ÁA1 where the picoline feet of the biped are axially bound to the zinc(II) porphyrins of the deck (Fig. 1b ). 31 As described earlier, due to axial binding, protons t-H and b-H of the tris-porphyrin deck and protons a-H, b-H and c-H of the biped arm A1 diagnostically move upfield. 30 The exchange of the biped between the three zinc porphyrin sites occurs at an exchange frequency of k 298 = 440 kHz. 31 Formation of the slider-on-deck M2 simply required mixing of D2, A1 and [Cu(CH 3 CN) 4 ]PF 6 (1 : 1 : 3) in CD 2 Cl 2 , as confirmed by the upfield shifts of protons a-H, b-H, and c-H of A1 from 8.48, 7.21, and 7.28 ppm to 7.54, 7.11, and 7.17 ppm, respectively ( Fig. 2a ). Upfield shifts of protons y-H, d1-H, and z-H from 7.02, 2.53, and 2.36 ppm in the case of [Cu 3 (D2)] 3+ to 6.87, 2.37, and 2.23 ppm in M2, respectively, corroborated the biped binding at the metal phenanthroline stations ( Fig. 2a and Fig. S19 , ESI †). Due to the HETPYP-I binding, these protons were placed in the shielding zone of the p-ring current. 27 The occurrence of a single set of all phenanthroline protons suggested fast exchange of A1 between all three phenanthroline stations of [Cu 3 (D2)] 3+ . To determine the exchange frequency, VT-1 H NMR of M2 was performed which exhibited splitting and a 2 : 1 ratio of various phenanthroline protons (4 0 -H, 5 0 -H, 6 0 -H, 7 0 -H) at lower temperature (À50 1C).
The more downfield signals were assigned to the HETPYP-I complexed phenanthroline sites and the upfield ones to the Cu + -loaded phenanthroline station ( Fig. S30 , ESI †). To calculate the exchange frequency of M2, the splitting of proton 4 0 -H was analyzed which at 25 1C appeared as a sharp singlet at 8.86 ppm but split at À50 1C into two sets in a 2 : 1 ratio with a strong coalescence around À40 1C (Fig. 2b ). Exchange frequencies (k) at different temperatures were calculated using WinDNMR 32 which provided k 298 = 20 kHz. Activation parameters were derived from the Eyring plot as DH ‡ = 61.5 kJ mol À1 , DS ‡ = 44.7 J mol À1 K À1 and DG ‡ 298 = 48.2 kJ mol À1 (Table 1 and Fig. S31 , ESI †). A single peak at m/z = 915.2 (tri-charged) in ESI-MS confirmed the identity of M2 (Fig. S36 , ESI †), which was additionally supported by a single set of diffusion signals in the 1 H-1 H DOSY (Fig. S32, ESI †) .
After successful formation of both nanosliders, our next intention was to control the reversible and alternate formation of M1 and M2 by remote control via Cu + as a signal. For this purpose, the triangular nanoswitch S was selected as a relay because of its ability to capture Cu + selectively in the presence of the free deck D2 and to rather rapidly release Cu + onto D2 upon addition of Zn 2+ . Nanoswitch S, its Cu + and Zn 2+ complexes were unambiguously characterized by 1 H NMR, 1 H-1 H COSY, ESI-MS and elemental analysis (ESI †). Upon complexation with metal ions, protons 1-H, 9-H, 2-H and 10-H split in a 1 : 1 ratio and moved upfield, with the shift being more manifest in [Zn(S)] 2+ than in [Cu(S)] + (Fig. 3 and Fig. S14 , ESI †). In contrast, protons 4-H, 5-H, 6-H, 7-H and 8-H shifted downfield, again more pronouncedly in [Zn(S)] 2+ than in [Cu(S)] + (Fig. 3) .
Finally the self-sorting of NetState-I was tested. Nanoswitch S, the decks D1, D2, biped A1 and Cu + were mixed (3 : 1 : 1 : 1 : 3) in CD 2 Cl 2 to furnish quantitatively 3 Â [Cu(S)] + , M1 and free D2 (Fig. 1b) . Addition of 3.0 equiv. of Zn 2+ to NetState-I afforded thrice complex [Zn(S)] 2+ thus liberating 3.0 equiv. of Cu + which translocated to the three phenanthroline sites of D2 with the effect that biped A1 shifted from M1 to [Cu 3 (D2)] 3+ generating NetState-II. NetState-II was reversed back to NetState-I by addition of 3.0 equiv. of hexacyclen. Two complete cycles between NetState-I and NetState-II were performed to demonstrate the reversible nature of the networked system ( Fig. S26 , ESI †). Quantitative formation and interconversion of NetStates-I & II was proven by 1 H NMR through comparison with data of the individually prepared devices (Fig. 4a) . The fabrication of NetState-II was further confirmed by ESI-MS (Fig. S38, ESI †) . Protons 1-H, 1 0 -H, 9-H and 9 0 -H of S with their characteristic 1 H NMR signals for [Cu(S)] + and [Zn(S)] 2+ allowed tracking of the metal exchange at nanoswitch S whereas protons t-H of D1 and y-H of D2 showed peak shifts being diagnostic for the formation of M1 and M2 (Fig. 4) .
The kinetics of the interconversion NetState-I # II was monitored by UV-vis spectroscopy. As there are negligible shifts in the Soret and Q bands of the zinc porphyrins in D1 during the detachment/attachment of the biped, changes were monitored at the HETPYP-I complexation site in D2, i.e., at the [Cu(phenAr 2 )(pic)] + linkage. Upon changing from NetState-I -NetState-II, the absorptions at 339 and 357 nm disappeared with simultaneous increase of a peak at 386 nm due to formation of M2 (Fig. 4b) . The peaks at 339 and 357 nm were assigned to transitions of the phenanthroline residues whereas the absorption at 386 nm was attributed to the MLCT band of the HETPYP-I complex. Reciprocally, in the NetState-II -I conversion, new peaks at 339 and 357 nm emerged along with the disappearance of the absorbance at 386 nm in agreement with breaking up the HETPYP-I complexation in M2 (Fig. S44, ESI †) .
Absorbance changes at 339 nm were monitored for both the forward and backward process with time ( Fig. 4b and Fig. S45 , ESI †). Forward conversion (i.e., NetState-I -II, c = 10 À6 M) took 60 min for completion whereas the backward process (i.e., NetState-II -I) was finished within 12 min. The slow forward process was accelerated by adding iodide as a nucleophile. 33, 34 For instance, addition of 3.0 equiv. of iodide sped up the forward transformation (conversion took 12 min) without affecting the rate of the backward process ( Fig. S47 and S49, ESI †) .
Since the rate determining step in the forward process is the replacement of Cu + in [Cu(S)] + by Zn 2+ , iodide is supposed to facilitate opening of the switch by coordination to the Cu + ion. In the backward process, the rate determining step involves removal of zinc(II) from [Zn(S)] 2+ by hexacyclen. Since hexacyclen is itself a good nucleophile and in addition the chelate ligand for Zn 2+ the effect of added iodide is minor.
To demonstrate biped selectivity in the remote control of the interconverting nanodevices, the complexity was increased by adding the nanoslider M3 = D1ÁA2. This nanodevice (k 298 = 32.2 kHz) has been described and fully characterized in a previous publication. 31 In Netstate-III we thus assembled [Cu(S)] + , nanosliders M1, M3 and free deck D2 (Fig. 1c) 3+ has now the option to claim either biped A1 or A2 for generating either M2 or M4 = [Cu 3 (D2)(A2)] 3+ . Selective translocation of A1 was proven by the upfield shift of protons y-H, z-H and d1-H at 6.87, 2.23 and 2.37 ppm, respectively, exactly matching with the signals for M2 ( Fig. S28 , ESI †). If A2 had been translocated fabricating M4 = [Cu 3 (D2)(A2)] 3+ , the above mentioned peaks should have shifted to 7.02, 2.39 and 2.57 ppm, respectively (Fig. S21, ESI †) . Quantitative formation of M2 over M4 in NetState-IV was supported by the ESI-MS (Fig. S39, ESI †) . Two complete cycles between NetState-III and NetState-IV proved the reversibility and selectivity of the seven-component networked system (Fig. 5 ).
In conclusion, we have demonstrated a six-component cybernetic network of a triangular switch controlling the self-assembly of two alternate nanosliders via chemical signaling. 35 In this network, a single chemical input (Zn 2+ or hexacyclen) controls two consecutive translocations (of Cu + ion and sliding biped A1) which lead to the alternate assembly/disassembly of two nanosliders. Furthermore, the observed selectivity in the second translocation, i.e., that of biped A1, demonstrated a high level of control in the seven-component system. Two complete cycles of the assembly/disassembly of nanosliders proved the reversibility of the cybernetic process. The kinetics of translocation was controlled by addition of iodide.
In summary, this manifestation of remote control is a decisive step toward supramolecular systems chemistry integrating multiple stand-alone supramolecular devices into higher-order multicomponent nanomachinery. Using furthermore chemical fuel in such domino translocations should lead to interesting offequilibrium [36] [37] [38] [39] [40] [41] [42] applications.
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